Origin aud Biologic Individuality
_of the Genetic Dictionary '

.} Abstract., Decoxyribonucleic’ acid con-
tains sequences complemcntary to homolo-

gous amino-acid transfer ribonucleic acid -

molecules which serve as the translating
device between polyribonucicotides and

proteins. This implies that the RNA mole--

cules have their primary origin in DNA,
From the amount of DNA participating,
one would infer that more than 20 com-
plementary sequences exist per genome, a

conclusion consistent with a degenerate .

code. The fact that complex formation
occurs most readily with homologous RNA
suggests that, while the language remains
universal, each dictionary is uniquely iden-
tifiable with its own genome.

There are excellent reasons (f) for
. tdentifying the soluble ribonucleic acid

(s-RNA) molecules with the genetic"

dictionary which permits translation
from the four-unit language of the
polynucleotides to the twenty-unit par-
lance of the proteins. It is of obvious
interest to determine the relation be-
tween these RNA molecules and the
genome,
to know whether sequences exist in ho-

mologous deoxyribonuclcic acid (DNA)

which are. ‘complementary to those

which occur in the s-RNA molecules. -

(1: )'nforma_tion on “this' question would il-
“w/uminate a number of central issucs,
including problems of origin, .unique-

ness of sequences, and estimations of

coding degeneracy.

A test for complementarity Is specific
hvbnd formation between DNA ™ and
RNA. This criterion was used by Hall
and Spiegleman {2} to demonstrate
that RNA synthesized
coli after infection by the bacteriophage

T2 is complementary to the DNA of:

the virus rather than to that of the host.
Identification’ of the hybrid structures
was muade by cquilibrium density cen-
trifugation in swinging bucket rotors,
combined with isotopic labeling. The

same procedures were used (3) to re-

veal sequences in DNA complementary
to homologous ribosomal RNA and to
show (4) that DNA scquences comple-
mentary to the nucleic acid of an RNA
virus do not exist. The scarch for com-

plementarity with ribosomal. and viral

RNA made it nccessary to design ‘ex-
periments capable of cetecting com-
plexes which include tetween 0.001
percent and 0.01 percert of the total

DNA.  The scnsitivity nceded was
C{chicvcd by labeling the RNA to the
required specific - activity. Confusion
with “noise™ in the form of either
mechanical trapping, or chance coin-
cidence in complementarity over short

In particular, one would like .

in Escherichia
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regions, was avoided by making use of
the resistance of specific hybrids - to
degradation by ribonuclease. Nonspe-

cific complexes are completely sensitive

to such degradation (3).

The -successful detection (3) of
hybrids of*ribosomal RNA and. DNA
encouraged us to extend the examina-
tion .of homology of DNA and RNA
to the specics of s-RNA molecules. The

sensitivities developed for the ribosomal

and viral RNA ‘investigations (4) madc

it certain that a definitive answer was

attajnable for s-RNA. » v
Isolation, purification, denaturation
of DNA, and uniform labeling of RNA

with either P or tritiated uridine were."
carried out as described previously (3). -
Soluble RNA was obtained from a cell :
extract from which ribosomes were re-’
moved by centrifugation for 3 hours’
at 100,000g.

The RNA was isolated"
by the phenol procedure (5) and. fur-
ther purified by chromatography on
columns of methylated albumin (6).
The procedures of Hail and Spiegelman
(2) for the formation and detection
of hybrid structures in cesium chloride

. gradicnts were followed.

Precliminary cxperiments revealed that
the temperaturc range (40° to 55°C)
suitable for complex formation with
cither informational (7) or ribosomal
RNA (3) did not Icad to. hybrids
between s-RNA and DNA. ‘In one’

sense this was fortunatc since a simple:
method was thus provided for detecting -
" contamination of s-RNA with rxbosonn]

or complementary RNA.

Hybrid formation rcquxres mcubatlon'

at temperatures and under ionic co_ndl-
tions that allow formation of hydrogen
bonds.

“hydrogen bonding.

It "is perhaps not surprising
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Fig. 1. Hypcrchromicity of s-RNA and
ribosomal RNA from . coli. Solutions
containing 30 wg/ml of nucleic acids in
TMS (0.01Mf tris, 0.3M NaCl, 0.001M
Mg*, pH 7.3) were used. The O.D.iwo
readings at the ambient temperatures were

made in stoppered quartz cuvettes in an---

Opticon spectrophotomcter provided with

controlled electrical heating. The tempera- -

turc was increased at a rate of 0.5°C/min.

that s-RNA is resistunt to hyGridizution
since X-ray analysis (8) suggests that
s-RNA is a hairpin structure kept to-
gether by a highly regular system of
Until this sccondary
structure is disrupted there is no oppor-

‘tunity for pairing between s-RNA mole-
cules and complementary scquences in

the DNA. One ¢an make an educated

guess of the temperaturces required for

complex formation by examining the
melting curve of s-RNA obtained under
the - conditions rcqunrcd for hybridi-
ahon

Figure -1 compares the: hyperchromic

“response of s-RNA and ribosomal RNA

to heating in the medium employed for
hybridization. One would predict from
‘these “curves that complex formation
between ™ ribosomal RNA and DNA
would " occur ’ between 40°“and 50°C

,"bug that virtually no hybrids gvould be”
‘observed with s-RNA. The conclusions

-derived - from this analysis were con-
- firmed ‘when the optimal .conditions -for
hybndxr\txon of s-RNA were dcter-

‘mined. - These. tests were deliberately
. carried out at low input ratios of s-RNA
"to DNA ‘so that the conditions. could
“be ‘used to examine the effect of RNA

concentration on extent. of hybridiza-

tion. Figure 24 shows tHat the amount
‘of s-RNA hybridized per unit of DNA

reached a plateau between 70° and
75°C.. Figure 2B illustrates the kinetics
of hybrxd formation at 72°C and indi-
cates -that the process was nearly com-
_plete in about 100 minutes. Because

. of the results of these and similar ex-

periments, mixtures undergoing hybridi-
zation were incubated at 7”°C for 2
hours.

It must bhe cmphdslnd lh'lt since only
a mintte scgment of the D\IA is likely
. to partlclpntc there will: be compara-

g uvc]y small amounts of! RNA in the
- apparent complex. Thus there must be

indcpendent cvidence thgt hybrids be-
and DNA arc being

formed. - The naturc of! the cvidence

| required can be listed as f%)llows.

1) Préof that the RNA that has be-~

‘come a part of the complex is s-RNA

by the analysis of the base composntxon
of the hybridized material,

T2y A deionstration m.lt the RNA
that has buwmc part of the compiex
is much more resistant to degradation
by ribonuclcase than is a free RNA

. control..

3) Evidence that s-RNA saturates
the DNA at levels indicating that only

‘o small proportion of the DNA is com-

plementary to the s-RNA.
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heat-denatured DNA in 0.01Af tris,
\1« 1 0.387 NaCl at pH 7.3 for 2 hours at

C. Thl, input RNA/DNA was 0.16 X 1072
xo ;1\'oid nonspecific complex formation, scnsitive
to ribonuclease. Hybrid structures were sep-
araled as described in Fig. 24, The hybrid region
wius pooled. and unlabeled ribosomal RNA was-
added as carrier. After hydrolysis in 0.3 NaOH
for 16 hours, the nuclcotide composition was
determined by distribution of P32 in the peaks
rccognized on  Dowex-formate columns (7).
C, A, U, and G refer 10 cytxdyl.uc, .1dr.nyl.ue,
aridylate, and guanylate,

Moles percent = - -~ -Go-

C AU
Input s-RNA~

272 206 - 182% 340 612 ° 123 . .
) “Hybridized RNA =+ - -
272 18.6 -19.0% 352 624 . 1.20.
Ribosomal RN A (7). :
24.3 250 197 31.0 . 553 ‘1.27
“Informational’ RNA (7) :
24.7  24.1 "35 27.7 5"4 107

® Includes also counts almbuxablc to pscudoundylate
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Fig. 2. Hybridization s-RNA “to DNA.
(A) Influence of temperature. - The-incu-
bation mixture in TMS consisted in ‘every
case of 40 upg of heat-denatured E. coli
DNA and 0.01 pgg of H'-labeled s-RNA

The total volume was 0.6 to 0.7-ml,
mixtures were jncubated for -2 hours at’
the specified temperatures. Enough solid ™"
or solution of CsCl was then ‘added to
. the mixtwres to yield a density’ of 1172,
und a final volume of 3.0 ml. The result-

ing samples were centrifuged for '3 days.
at 25°C and 33,000 rev/min in the SW39 .

rotor of a Spinco model L ultracentrifuge.
After centrifugation 0.2 ml fractions were.
collected from the bottom of the. tubes,
diluted to 1.2 ml and analyzed for O.D.xo
and radioactivity of the acid-precipitable
fraction (3). The amount of RNA hybrid-
ized is determined from the counts of the
acid-precipitable fraction in the DNA-
density region of the gradient. The in-
put ratio was adjusted so that nonspecific,
ribonuclease-sensitive  counis  were not
siznificant.  (B) Influence of time.  The
experimenial conditions described in part
A were used,.except that here the tempera-
ture way kept constant at 75°C and the
time of incubation was varied.

Basc composition of RNA hybridized .
to DNA, S-RNA of £ cofi, uniformly labeled -
with P32 to a level of 200,000 count/min -per
raicrogram, was purificd on a methylated albu--
min cofumn. It was incubated with homologous
0.001Af

" Pyrine/
G . (%) pyrimidine

"the ribosomal  or

. “down transition”

“illustrated in Fig.

“.to-DNA:
--ratios (sce Fig. 4).

.of saturation.

4) Specific complex formation with
homologous and but not hetcrologous
RNA. . ' ‘
~“To satisfy the first point, purificd
s-RNA, uniformly labeled with P¥, was
‘hybridized to DNA. After scparation
in a CsCl gradient, the hybridized ma-
‘terial was removed, hydrolyzed by
.alkali, and analyzed for basc composi-
‘tion (7). Table 1 shows the base com-
'posmon of the hybridized ‘material and
the input s-RNA. For comparison, the

base compositions of the other RNA

components of L. coli are also listed.
The hybridized RNA is virtualily identi-
.cal in base composition to the s-RNA
‘and is easily distinguishable from ecither
the “informational
*RNA” which is synthesized in a-“step-
(7). Tt should be
noted that pscudouridylate, a base
unique to s-RNA, was present in its

‘characteristic position on the Dowex-
_formate column.

The sccond
_resistance to

property, the reiative
ribonuciease of s-RNA

" (H'-labeled) hybridized to DNA s
3. Here P™labeled.

_‘S-RNA was added to the reaction mix-

“-ture as an intefnal control to monitor
-~ “the.enzyme activity. The initial loss in
~acid-precipitable material in the tritium

counts. is due to adventitious s-RNA

;'contaminating the DNA-density region.’
- +.As might be expected the, proportion

-varies with the input ratio of s-RNA
it is very small at low input

~The next question refers to the level

+;at which saturation of the DNA occurs.
. A fixed amount of DNA was incubated
- with various concentrations of tritiated
~s-RNA and the resulting complexes

: L € . were separated in CsCl gradients.
E. coli (10" count/min per microgram). . .- pat e

“The -

. The
total and the ribonuclease-resistant nia-

then détermined. The results are sum-

“'marized in Fig. 4. The picture is very
.similar to that obscrved in the satura-

tion experiments with ribosomal RNA
(3). Before treatment with ribonuclease

“no sharp plateau is observed owing to
“the formation of irrelevant complexes

‘when the ratio of RNA to DNA is high.
However, counts of the ribonuclease-
resistant material show abrupt evidence
The plateau suggests
‘that0.023 percent of thc DNA consists
of sequences complementary to s-RNA
© We now turn to the last criterion,
specificity of complex formation. Con-
vincing tests’ of specificity, which con-

tain internal controls on the hybridizing.

.process, havc been designed. Tn the

terfal in the DNA density regions were: .
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Fig. 3. Resistance of “hybridized” RNA -

to ribonuclease action. Hyvbridization was
carried out with H-labecled s-RNA and
heat-denatured DNA of "I, coli in TMS
at 72“C for € hours.: The input RNA/-
DNA was 2.6 X 107 to permit exhibition
of some nonspecific complex in the DNA-
density region. After density centrifuga-
tion, as described in Fig. 2, the fractions
containing hybrid wete pooled and dia-
lyzed against a solution containing 0.01M
iris and 0.1Af NaCl at pH 7.3. Free
P*-labcled s-RNA was included "as an
internal control. Ribopuclease (10 pg/ml)
was added and the fincubation was con-
tinued at 25°C. At the indicated intervals,
samples were removed and the H*- and
P*-counts of the acid-precipitable residue

were determined in a Packard scintillation™,
" spectrophotometer (3)
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Fig. 4. Saturation of s-RNA E. coli by
DNA E. coli. Mixtures containing 45 to
50 ug of heat-dcnatured DNA plus various
amounts of H'-labelgd s-RNA (100,000
count/min per microgram) in 0.85 ml
TMS were incubated ‘at 72°C for 2 hours.
The samples were then treated as.described’

in Fig. 24. After separation in the density

gradient, the DNA-density fractions were
collected and divided into two portions.
In one, the radioactivity of the total acid-
insoluble material was determined. The
sccond poitions were further diluted so
that the concentration of CsCl would be
less than 0.2M and then 10 wg/ml of,

‘ribonuclease was added. After incubatios

at 25°C for 10 minutes the radioactivity
of the acid-precipitable residue was deter-
mined. In the plateau region, the whole
hybrid fraction was pooled and the ribo-
nuclease-resistant residue was examined by
the kinetic procedure of Fig. 3.



frst. s-RINA preparations. of .two., difler-

ent biological origins were incubated
w :“1‘ DNA homologous to onc¢ of them.’

case of identification, each s-RNA
is 1.1mh.d with a .different radioactive
isotope. 1f specificity is compiéte;
homologous s-RNA will hybridize and
the heterologous RNA will be excluded.
In the other type of test, two' DNA
preparations, distinguishable by their
positions in the density gradicnt, were
incubated in the presence of a labeled

$-RNA homologous to one of theni!
If specificity does exist, the isotope’

should be found associated only with:’
the peak corresponding to the homolo- i

gous DNA.

The results of both kmds of sps.c1-
ficity tests arc summarized in Fig. 50
In Fig.
tained denatured DNA from E. coli,

Pfabeled s-RNA of E. coli and H™-
labeled s-RNA of Bacillus megaterinn.
We note complete exclusion of the tri--

tiated from the

hybrid

heterologous s-RNA
region and

marked with P*. .
The alternative specificity test was

carricd out with DNA of P\eud()monavf
n"'\u"mosa and DNA of Bacillus niega-.

jim since they have very “different,
‘in - CsCl"
A mixture of heat-denatured

densitiecs and separate  well
gradients.
preparations of DNA from these two
sources  were incubatcd with tritiuni-
labeled s-RNA of B. megateriiun. The
resulting profiles obtained in the CsCi
gradients are shown in Fig 5B. There
are virtually no counts associated with

“DNA from Pseudomonas deruginosa’-
whereas an excellent hybrid structure

is seen in the density region of the

homologous DNA from B. megaterium. . P* )
. microgram.) from E. coli and .06 pg H*

The experiments described offer con-
vincing evidence that specific. hybrids

between s-RNA and DNA can be
formed under the proper conditions..’
The material which has formed a com-~
plex is indeed s-RNA as shown by a di-

rect analysis of the hybridized material.

The usual resistance of hybrids of RNA -

and DNA to ribonuclecasc has been
demonstrated. Further, thc DNA is
saturated at RNA levels that indicate
only a small proportion of the DNA is
complemeni{xfy {0 the s-RNA mole-

Slogous s-RNA and DNA.

“A number of interesting implications
follow from the fact that DNA con-
tains  scquences  complementary to
s-RNA. The existcnce of complemen-
tarity makes it likely that s-RNA origi-

o TNAindependent
origin -of s-RNA (8, 9) scems now

cells. .
-does not inhibit production of RNA

" virus (/1) is argument against the oper-
“ationin uninfected celis of a mechanism
" which synthesizes RNA on an RNA- -

54 the incubation mixture con-
‘the formation

excellent. _hybrid;
formation with the homolooous s- RNA»

.Fig.

nates on a DNA template. Invoking a
pathway for the
This

unnecessary. conclusion is in

~agreement with the recent demounstra-
thétion -that actinomycin D, which inhibits”
" (10) the DNA-depcndent RNA poly-
merase, - also prevents (717)

all RNA
synthesis- in both bacterial and animal
The- fact’ that this same agent

th]}’ldtL
The presence in s-RNA of methylated

bases and pscudo-uridinc might perhaps -

posc a problem for a DNA-dependent
pathway.. “However, methylation of
purines and pyrimidines occurs after
of the polynucleotide
(712). 'We would then predict thé exist-
ence of an czyme which can convert
uridine to pscudo-uridine in the intact

-polynucleotide.

“The* fact- (from the hybridization

- curve) that s-RNA saturates the DNA
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5. Specificity of hybridization. (A4)
Two different types of s-RNA plus one
type of DNA; 55 ug of heat-denatured
DNA from E. coli were incubated in TMS

-(2 hr, 72°) with a mixture of 0.06 ug of

P#-labeled s-RNA (50,000 count/min per

labeled s-RNA (100.000 counts/min per
ug) from B. megaterium. After equilibri-
um' density igradient centrifugation (Fig. 2)
0.2 m! fractions were collected and diluted
to 1.2 ml. The O.D.. and the radioactivity’
-of the ribonucleasc-resistant acid-precipi-

" table fraction were determined by counting
" in a Packard liquid scintillation spectrome-

ter which permits simuyitancous counting

. of P®-and-H"* Only the hybrid region of
" -the density gradient is shown. The optical-

density profile identifies the DNA and the
radioactivity identifies the hybrid structure.
(B) Two different DNA's plus onc s-RNA.
Heat-denatured DNA from B. megaterivm
and Ps. aceruginosd, 30 pg cach, were in-
cubated in TMS with 0.06 ;g of H'-labeled
s-RNA [rom B. megaterinm at 72°C for
2 hours (total volume was 0.7 ml). The
same procedure as in Fig. 24 was fol-
lowed. The hybrid portion of the curve
after treatment with ribonuclease is shown.
The peuks in the optical-density profile
identify the positions of the two DNA
preparations in the reaction mixture.

at about 0.02 percent is consistent with
what would be expected if the genetic
codc were degenerate. Despite the com-
plicattd operations requircd to obtain
this number it is, remarkably repro-
ducible.  In independent experimenis
values of 0.019 percent and 0.023 per-
cent were obtained in this laborutcry.
In addition, Goodman and Rich (/3)
in a very similar experinient found a
value of 0.024 percent. Therefore, the
value can be given some.credence. 1f
anvthing, it is probably an: underestima--
tion since conditions for thybridization
may not be optimal and the treatment
with ribonuclease may.slowly remove
some s-RNA that had entered into the
complex.

The expected saturation level can be
cestimated  from the molecular weight
equivalent of the genome of Escherichia
coli (4 x 10" and the number of
diffcrent kinds of s-RNA molecuics,
cach of which has a molccular weight
of 2.5 x 10'. If the genetic code is not
degencrate, cach amino acid is coded
by only one triplet which implies that
there are only 20 different s-RNA mole-
cules. If the code is degcnerate, more
than 20 will be needed in the dictionary.
The plateau predicted by the non-
dcgenerate case is 0.01:percent. The
fact that it is at least ‘twice as high
suggests that some amino acids are
identified with more than one s-RNA
molecule. This possibility is consistent
with the accumulating:
degeperacy which has emerged from
triplet identifications (14, 15) and
agrees with the multiplicity of types of
s-RNA for individual amino acids (76,
17). That this multiplicity is -the physi-
cal basis for degeneracy has been
demonstrated by Weisblum et al. (78).

The data available (19, 20) suggest
that the genetic dictionary is universal.
or nearly, so. However, the coding-
triplets probably:occupy only a small
proportion of the s-RNA strands.
Although the function of the non-coding

“stretches of '1pproximafdv‘ 70 nucico-

tides is as yet unknown; They provide
the opportunity for biological individu-
ality by sequence variation without
disturbing the functibning of the
unjversal Tanguage. The specificity of
complex formation in the present cx-
periments shows that this opportunity
was not neglected in the course of
biologic evolution. Thus, although the
s-RNA of L. coli can translate the
genetic message of a rabbit into hemo-

_globin (79), the s-RNA can be uniquely

identified with the genome of its origin.
Ribosomal RNA appcars to have the

evidence for



same combination of genetic uniquencss

and use unrestricted by specificity re- |
are.. compara--

guircments. Ribosomes -
nv v indiffcrent (J4-16) to tlu origin

the genctic mossages to whxch thcy
1espond. However, their sequences are.
unique.  since  they
only to homologous DNA (3).

Onc other feature is shared by these

two molccular species. Although their
sequences vary,
position is remarkably' similar’
varicty of organisms.
RNA from Pseudononas
with a DNA containing” 64 percent
cuanine- -cy tosine s - indistinguishable.
from thdt of Bacillus niegaterium, the
DN
gydnine-cytosine. We
e paradox that two'
those for s-RNA and
resisted  the  drift

in -a

-are faced with
sets of cistrons,
ribosomal,.
(oward dlf'fcrcnt

hybridize readily.

the over-all base com-,

Thus, ribosomal;
aeruginosa

'GAJ.

of which contains 44 percent -

“have -

avemne basc compositions (21).
- DARrIO GIACOMONI
S. SPIEGELMAN
Depm lmcnr of Microbiology,
Unn er \llv “of Hlinois, Urbana
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